We report the assignment and analysis of all stable monosubstituted isotopomers of trifluoroacetic acid. The 13 C and 18 0 isotopomers were observed in natural abundance. The rotational constants and quartic centrifugal constants are presented. The rotational constants are used to derive a partial substitution structure and a complete ro structure for future comparison with the corresponding values in hydrogen bridged bimolecules containing trifluoroacetic acid as a subunit. The deuterium nuclear quadrupole coupling constants are derived from the hfs-splittings of low-J rotational transitions of the CF 3 COOD isotopomer. The results of ab initio quantum chemical calculations are presented, which were carried out to assist in the assignment of the rotational spectra of the isotopomers and for comparison with the experimental molecular parameters.
Introduction
Trifluoroacetic acid, CF3COOH, is one ligand in a series of hydrogen bridge bonded bimolecules, which have been investigated with microwave spectroscopy in the pioneering studies by Costain and Srivastava [ 1, 2] in the early sixties and by Bellot and Wilson [3] in the mid seventies. Recently it was demonstrated that molecular beam Fourier transform microwave spectroscopy (MBFTMW) can be applied to obtain more detailed information on such bimolecules. In these studies the second ligands were formic acid, HCOOH, and acetic acid, CH3COOH, [4] and cyclopropane carboxylic acid, C3H5COOH, [5] , Our latter study initiated the present work, since only a preliminary experimental structure, based on electron diffraction data and on the rotational constants of CF3COOH and of CF3COOD, was available until now. Accurate structures of the free monomer subunits are of interest for instance, if one wants to study structural changes which occur upon complex formation.
One of the most efficient experimental methods to determine accurate structures for small molecules is MBFTMW spectroscopy. Over the past years this technique has matured so far that it is now capable to provide information with better than ppm accuracy on the rotational constants of most monosubstituted isotopomers of a compound in natural abundance, i.e. without the necessity to go through sometimes difficult, time consuming and possibly expensive chemical preparations. The structure is then derived by well established methods [6] from the observed rotational constants, see below.
The microwave spectra of CF3COOH and of CF3COOD have been investigated earlier by Stolwijk and van Eijck [7] . Their analysis was based on the electron diffraction structure [8] . Only the r s -coordinate of the hydrogen atom has been given by these authors to demonstrate that the OH bond is eis to the C = O bond. In the following we present a complete microwave structure, based on highly accurate rotational constants for the most abundant species, the deuterated species and the monosubstituted 13 C and 18 0 isotopomers. A more complete determination of the structure of the second ligand in the complex studied in [5] , i.e. of cyclo-0932-0784 / 99 / 0600-0800 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com propane carboxylic acid, is in progress at our laboratory. It should be mentioned that the determination of the structure of CF3COOH faces two severe problems. First, both carbon atoms are near the the a-axis of the principal inertia tensor. This reduces the structural information contained in the rotational constants of the 13 C isotopomers. Second, no stable isotopomers exist for the fluorine atoms. This reduces the maximum number of monosubstituted isotopomers to five. Together with the three rotational constants of the parent species this corresponds to a total of 18 rotational constants.
To assist in the search for the low intensity spectra of the less abundant species and to complement the microwave spectroscopical investigation quantum chemical calculations based on the GAUSSIAN 94 program package [9] were carried out. At the final stage we used the MP2 method with the rather large 6-311++G** basis set provided with the program. These calculations turned out to be very helpful in the search for the rotational spectra of the less abundant isotopomers, and below we will demonstrate the usefullness of a method, which combines information from microwave spectroscopy and from such ab initio calculations to facilitate and speed up the assignment of low intensity isotopomer rotational spectra.
In the course of the present investigation we have also resolved and analysed the multiplet patterns of the rotational transitions of several low-J transitions of the CF3COOD isotopomer. They are caused by the interaction of the deuterium nuclear quadrupole moment with the intramolecular electric field gradient at the position of the deuterium nucleus. With the nuclear quadrupole moment known, they provide information on the latter. These experimental quadrupole coupling constants too are compared to the results of ab initio calculations and in future investigations it will be interesting to see how their changes upon formation of hydrogen bridged complexes will correlate to the corresponding changes in the O-D bond distance. Finally we have calculated a MP2/6-311++G** minimum energy path for the CF3 internal rotation for comparison with the internal rotation barrier determined in [7] .
Experimental
Trifluoroacetic acid, 99 %, was purchased from Lancaster, Whitehand, England. It was used as received. The spectra of the 13 C isotopomers were recorded in natural abundance at Kiel with a MBMWFT spectrometer described in [10] . Since the rotational temperature rapidly drops to few degrees Kelvin within the first few mm downstream of the nozzle in the supersonic jet expansion, only the lowest rotational states are populated. This considerably facilitates the analysis as compared to the situation encountered by Stolwijck and van Eijck. At the same time, the monomer ^ dimer equilibrium remains almost at its room temperature value, since the acid molecules predominantly collide with carrier gas atoms (He, Ne, or Ar) in the expansion region.
Subsequent to the analysis of the 13 C spectra the work was continued at Valladolid for the 18 0 isotopomers. Their spectra too were recorded in natural abundance, using a more sensitive MBFTMW spectrometer. Its construction has been given in [11] . Finally, several hithertoo unknown low-J transitions of the deuterated isotopomer were measured at Kiel with a further improved MBMWFT spectrometer [12] in order to obtain information on the deuterium nuclear quadrupole coupling constants. For the new assignments the scan facilities [13] of the instruments were of great help.
For the 13 C isotopomers the sample was introduced with a content of 1 to 2 % using argon and, in fewer cases, neon as carrier gas with a backing pressure of about 0. prior to the FT-analysis or decay-fit analysis [14, 15] , respectively. The molecular pulse had a duration of 0.45 ms and the microwave polarisation pulse was applied after a delay of 0.3 ms with respect to the opening time of the nozzle.
For the recording of the deuterated species, the sample, a 1:2 mixture of D 2 0 and CF3COOH, was provided in a heatable stainless steel container shortly upstream of the nozzle of the MBMWFT spectrometer with the carrier gas, helium, at an elevated backing emission signals were accumulated, each with 10 ns sampling interval and 2 14 data points in the time domain. Helium was used rather than argon or neon in order to untangle the Doppler splitted deuterium nuclear quadrupole hyperfine multiplets. In Fig. 1 we present the Fourier transform amplitude spectrum of theJ^, K , -J'^,, K " = lo 1 -Oo 0 rotational transition as an example. With 2 14 data points taken at a sampling interval of 10 ns, the spectral point distance is 6.1035 kHz in this recording. For the final analysis, the satellite frequencies, amplitudes, phases, the decaytime and the Doppler splitting (beam velocity) were fitted to the observed transient emission signals by a Levenberg-Marquardt routine [16, 17] .
In order to reduce the search ranges (scan ranges) for the initial assignment of the 13 C and 18 0 spectra, the known rotational constants of the parent species and the results of a fully relaxed MP2/6-311++G** calculation were combined to predict the rotational constants of the isotopomers as follows: 
(and cyclic permutations (A -• B -• C)).
The success of this procedure depends on the degree of approximation to which our following two assumptions are fulfilled. First, we assume that the minimum energy MP2/6-311++G** structure closely reproduces the true equilibrium configuration. Second, we assume that the differences between the experimentally observed vibrational ground state expectation values for the rotational constants and the corresponding rigid rotor values, i.e. the vibrational contributions to the effective rotational constants, are very nearly the same for all isotopomers. If both assumptions were fulfilled exactly, (1) would lead to precise predictions. As it turned out, the predicted rotational constants indeed reproduced the experimental values within approximately 1 MHz and better. This reduced the searching range for the J = 1 -> J = 0 transitions of the less abundant species to about ±2 MHz, which considerably speeded up their assignment. In Table 1 we present our rotational transition frequencies for the most abundant (parent) species. This Table extends the measurements reported in Table 3 of [7] to lower frequencies and J-quantum numbers and allows for an even more accurate fit of the rotational constants and centrifugal distortion constants for the parent species. In Table 2 we present our predictions for the rotational constants of the less abundant isotopomers. In Tables 3 through 6 the measured rotational spectra for the 13 C and 18 0 isotopomers are given and in Table 7 we present satellite frequencies for several low-J D-hfs multiplets. They were measured for the determination of the deuterium quadrupole coupling constants and their inclusion in the centrifugal analysis of the CF 3 COOD spectrum did lead to improved rotational constants for this isotopomer. Table 1 ). 
Analysis and Results

Rotational Constants, Centrifugal Distortion Constants and D-hfs Coupling Constants
The spectra of the 13 C -, 18 0, and the parent species
were analysed with the model of a centrifugally distorted rotor [18] using Watsons A-reduction in the /^representation [19] : [20] , where the misprinted sign oi A j has been corrected). The program ZFAP4, written by Typke, now at the University of Ulm [21] , was used. The deuterium nuclear quadrupole hyperfine multiplets given in Table 7 were analysed with the program XIAM, written by Hartwig [22] . In this program the matrix of the effective rotational Hamiltonian, including D-hfs interaction, centrifugal distortion, and, optionally, internal rotation, is diagonalized numerically. In the present application internal rotation could be neglected. Due to the large value of the moment of inertia of the CF 3 -top around its internal (27) rotation axis, tunneling is negligible and the internal rotation splittings in the ground torsional state are far below the resolution power of the spectrometer even though the barrier to internal rotation of the CF3 top is well below 1 kcal/mole (V 3 exp = 0.691(2) kcal/mole, see [7] ).
The rotational constants, centrifugal distortion constants, and -in the case of the deuterated species -the nuclear quadrupole coupling constants, which enter into the effective Hamiltonian and which were fitted to the observed transition frequencies are given at the bottom of the frequency Tables 1, and 3 through 7.
In Table 8 we present the "determinable rotational constants" for all mono substituted isotopomers [23] .
They differ slightly from the effective rotational constants for the A-reduced Hamiltonian in so far, as the centrifugal contributions to their values have been eliminated as far as possible. They represent the best approximations to the vibrational ground state expectation values of the rotational constants, which can be derived from our experimental information and were used for the determination of the structure (see below). Also presented for comparison are the corresponding values for the energy relaxed MP2/6-311++G** structure and the differences between the rotational constants of the substituted compounds (daughter molecules) and the rotational constants of the most abundant species (parent compound). As is obvious from Table 8 , corresponding experimental and ab initio differences are indeed very close to each other. As pointed out already, this may indicate that the MP2/6-311++G** calculation does lead to a structure rather close to the equilibrium configuration, a result which has been pointed out already earlier by Marstokk and M0llendal [24] , It also indicates that for trifiuoroacetic acid the vibra- tional corrections are rather similar for all isotopomers. 
Determination of the Structure
In Fig. 2 we display the structure of CF3COOH for easy referencing. Assuming a symmetry plane for the equilibrium structure, such as is suggested from the MP2/6-311++G** results, twelve structural parameters have to be determined. From the experimental point of view, the 18 experimental rotational constants and the corresponding moments of inertia form for all isotopomers indicate, in agreement with the MP2-result, that all substituted atoms lie in a plane of symmetry of the moment of inertia tensor which coincides with a planar frame of the molecule. To derive structural parameters from the observed rotational constants we have used two different methods. Both methods rely on the assumption that the vibrational contributions to the observed rotational constants are largely the same for all isotopomers and will thus cancel to a high degree of approximation, if only differences of corresponding rotational constants or moments of inertia are used to derive the structural parameters. In both methods the observed moments of inertia and rotational constants are therefore treated as if the molecules were rigid with all atoms locked to their equilibrium positions.
In the first method, termed r s -method [6] , which was introduced by Kraitchman [25] and Costain [26] , the coordinates of the substituted atom with respect to the principal inertia axes system of the most abundant species are calculated from the differences in the inverse rotational constants of the isotopomer with respect to the corresponding inverse rotational constants of the most abundant species. Rudolph's program RU233 [27] was used in this context. The resulting atom coordinates with respect to the principal inertia axes system of the most abundant species are presented in Table 9 . The uncertainties in the r scoordinates were estimated according to van Eijck [28] . We note that the r s -method leads to an imaginary value for the 6-coordinate of C ( 4). This demonstrates the limitations of the r s -method in cases where atoms are located close to a principal inertia axis. In the present case for instance, with C ( 4) close to the a-axis, the moments of inertia depend very little on the small b-and c-coordinate of this atom in all isotopomers and the model error caused by incomplete compensa- tion of vibrational contributions gains in importance. Also given in Table 9 are the atom coordinates resulting from the least squares fit to the differences in the rotational constants (see below) and the MP2/6-311++G** minimum energy coordinates calculated with the GAUSSIAN 94 program package.
In the second method, introduced by Nösberger et al. [29] , the differences of the rotational constants of the daughter molecules with respect to the corresponding rotational constants of the parent molecule, chosen as the most abundant species, are used directly and the structural parameters are adjusted for an optimal fit to these differences in a least squares procedure. Typkes program MWSTR1 [30] was used in this context. For the fit we have assumed C s symmetry of the molecular frame and we have chosen the MP2/6-311++G** minimum energy structure as starting point. It turned out that, due to correlation, at most 11 parameters could be fitted simultaneously. Therefore the angles < CCF in _ p i ane and < CCFout-of-Piane were varied synchroneously, starting from their initial values as provided by the ab initio calculation. The highest correlation coefficient in this 11-parameter fit was 0.93. The resulting bond lengths and bond angles are presented in Table 10 . Also presented in Table 10 are those structural parameters, which can be calculated from the r s coordinates of the substituted atoms, 13 C, 18 0, and D. The parameters involving C ( 4) were calculated with the assumption 6q4) = 0.01 A taken from the MP2-calculation. We note that since the C-Cbond closely parallels the molecular a-axis, a change of ± 0.01 A has only little effect on the bond length r ( cc) and the bond angles LCCO.
Quantum Chemical Results for the Barrier to Internal Rotation and for the D-coupling Constants
Internal F3C-top rotation
For comparison with the experimental result of Stolwijk and van Eijck we have also used the Gaussian 94 program package to run a minimum energy path calculation for the internal rotation of the CF3 top with respect to the carboxylic frame. Because of computer time limitations, the planarity condition was imposed on the CCOOH-frame and the otherwise fully energy relaxed configurations were calculated for three values of the internal rotation angle a, i.e. for three values of the dihedral angle 6-4-1-2 (compare Figure 2) . Again the MP2 method was used with the standard 6-311++G** basis set. In Fig. 3 we present the torsional potential function, the lowest torsional energy levels with respect to the principal inertia axes reference system [31] , and the probability density distribution function in the torsional ground state. From the MP2/6-311++G** calculation the in-plane C-F bond is eis to the C=0 double bond at the bottom of the barrier, while the configuration with the in-plane C-F bond eis to the OH group corresponds to the top of the barrier. (Since no stable fluorine isotopes exist, it was not possible to determine the equilibrium orientation of the CF3 top from microwave spectroscopy alone). With a calculated values of V 3 MP2 = 629 cal/mole and V^1* 2 = 18 cal/mole, the ab initio barrier is about 9% lower than the experimental value V 3 exp = 691 cal/mole reported in [7] . Since the wave packet motion, corresponding to internal rotation will not exactly follow the minimum energy path, it appears reasonable that the experimental value for the barrier height should be higher than the minimum energy path value. Further, if one keeps in mind that the difference between the ab initio value and the experimental value not only reflects basis set and method errors in the ab initio values but also possible deficiencies in the rigid top rigid frame model, which has been used for the evaluation of the observed torsional splittings in the v = 4 torsional mode [7] , the experimental and the ab initio values for the torsional barrier appear to be in fair agreement.
Comparison of the observed deuterium quadrupole coupling constants with Huber's empirical formula and with ab initio results a) General remarks
The spectroscopic quadrupole coupling constants of the n-th nucleus relate to the anisotropies in the intramolecular electric field gradient tensor at the 71 th nucleus under consideration as
)|o),
(6) (and cyclic permutations). Here V xx (r n ), V xy {r n ) etc. designate the second derivatives of the intramolecular Coulomb potential (in atomic units) at the position of nucleus, r n , as caused by the charge distribution of the other nuclei and the electrons, e, Q n , ao, h are the electronic charge, the nuclear quadrupole moment (Q n = 2.86 • 10 -27 cm 2 for the deuterium nucleus [32] ), Bohr's radius, and Planck's constant, respectively. The brackets, (0|... |0) indicate vibronic ground state expectation values.
b) Huber's formula Gerber and Huber [33] have proposed a surprisingly accurate formula for quick "back of the envelope" predictions of deuterium coupling constants, which relates (?bond -~
(£-axis in direction of the bond) to the bond distance, r, and to the electronegativities of the neighbouring atoms. Written in atomic units it reads
Z v is the number of valence electrons and (r) is the average orbital radius on the neighbouring atom as discussed in [34] , a = 1.875, & = 72.6, c = -0.029 are parameters derived by Huber et al. from a fit to MP4SDQ-values for 35 molecules, r is the actual bond distance measured in Bohr's radii, and A is the (sum of the) difference(s) of Pauling's electronegativities between the second neighbour(s) and the neighbour atom (A = 1, compare App. G in [6] in the present application). Within the frame of (8) we assumed sp 3 hybridisation for the neighbour oxygen atom. This leads to (r) = (1 • 0.6 + 3 • 0.67)/4 for the average orbital radius (see Table IV in [34] ). Depending on the bond distance, r ( 0D)> (8) This indicates that an uncertainty of 0.01 A in the bond distance will correspond to an uncertainty of approximately 17 kHz in the calculated coupling constant.
c) Ab initio calculations of the field gradient anisotropics and coupling constants
Within the GAUSSIAN program package it is possible to calculate the electronic ground state expectation values for the second derivatives, y X X(f n ), V xy (f n ) etc., at the right hand sides of (5) and (6) . We note that for comparison with the experimental values the GAUSSIAN results must be transformed from the so called "standard system" (the x,y, 2-system), which is used in the ab initio program, to the principal inertia axes system (the a, 6, c-system) of the molecular mass distribution:
+ (cos(0 ax ) COS (06y) + COS ((pay) COS(0 fcx )) Vxy
+ COS((f)ay) COS(<pby)Vyy
(and cyclic permutations). The angles, 4> ax etc., between the two coordinate systems were calculated from the MP2/6-311++G** equilibrium configuration (see Table 10 ). The quality of the ab initio values clearly depends on the size and quality of the basis set and on the method used for the computation. We therefore tried several basis sets and two methods. Our final ab initio results for the field gradient anisotropics at the inplane nuclei of CF3COOD are presented in Figure 4 . Note that the orders of magnitude of the field gradient anisotropics at the deuterium nucleus and at the carbon nuclei are about the same. From the simplified Townes-Dailey model [35] , one would have expected a different result. Within this model the field gradient is attributed to the unequal filling of the p-orbitals of the valence shell of the atom under consideration.
Partial Substitution Structure and DNQC of CF3COOD 534 Therefore one would have expected the field gradients at the carbon nuclei (where p-orbitals are available) to be considerably larger than those at the deuterium nucleus (where only the spherical s-orbital but no porbitals are available to the first approximation).
The ab initio results for the deuterium quadrupole coupling constants are presented in Table 11 . In this Table the prefixes HF and MP2 indicate the method (Hartree-Fock SCF and second order M0ller-Plesset perturbation theory [36] , respectively). The standard GAUSSIAN basis sets 6-311G, 6-311G** (including polarisation functions), and 6-311++G** (including additional diffuse valence shell GTO's) were used. In addition we tried Huzinagas [37] 6s+4p+4d basis (uncontracted) at the deuterium nucleus and the TZVP and TZV2P basis functions developed by Schäfer, Horn, and Ahlrichs [38] at the second row atoms C,F (TZVP) and O (TZV2P), respectively. For the convenience of the reader the latter bases are given in the Appendix. All calculations were performed at the MP2/6-311++G** structure.
The idea to use basis sets with high local quality (here Huzinaga's basis at the hydrogen (deuterium) nucleus, as a compromise between computer time and accuracy has been introduced with considerable success by Huber [33, 34, 39] , Obviously the higher flexibility of the basis set in the close vicinity of the nucleus under consideration far outweighs the errors which are introduced by the artificial shift of electron density into the region where the larger basis set is centered. This is the consequence of the fact that only the anisotropics in the electric field gradients are of interest for the quadrupole coupling constants. In Table 11 , the pronounced effect of the locally increased flexibility is demonstrated in rows seven and eight, where Huzinaga's considerably more flexible basis was used at deuterium in combination with the standard 6 -311G* basis, provided with the GAUSSIAN 94 program, at all second row atoms.
The much smaller effect of adding flexibility beyond that of the 6 -311++G* basis at the other nuclei is demonstrated at the bottom of Table 11 . Here the coupling constants were calculated using Huzinagas 6s+4p+4d basis at D and the 6-311++G** basis at the heavy nuclei was replaced by the bases developed by Schäfer, Horn, and Ahlrichs [38] at O (TZV2P), C (TZVP), and F (TZVP) (compare the Appendix). As expected, the resulting higher flexibility at the second row nuclei leads to lower energies and a more even distribution of the electron density, as judged by the Mulliken atom charges, but it improves the calculated coupling constants only on the order of 1 kHz.
We now turn to the discussion of the sign of the Xaa quadrupole coupling constant. Since tha a-axis closely parallels th DO-bond, the positive sign may be surprising at first sight: a negative point charge, positioned at the center of the O-D-bond, which might be expected to present a reasonable, albeit rough, first approximation to the bond, would lead to a negative sign. A closer look however shows that the positive sign is due to the increased lateral electron density, which essentially results from the overlap of the deuterium s-orbital(s) with the valence orbitals centered at the neighbouring oxygen atom. The contribution of the increased lateral electron density by far outweighs the contribution from the increased electron density in bond direction. (Note that a shift of electron density outside a plane perpendicular to the bond and running through the D nucleus to positions at the same absolute values for the coordinates with respect to the D-nucleus, but with opposite sign for the relative coordinate in direction of the bond, would leave its contribution to Xbond unchanged).
On the other hand, the effect of the addition of ptype orbitals to the basis at D, which, roughly speaking, allows for partial sp-hybridization in bond direction at the D-nucleus and thus leads to an additional increase of the calculated electron density in the bonding region, is quite in agreement with the above model of a negative point charge in bond direction (closely corresponding to the a-direction). The availability of p-type GTOs lets Xbond go negative by roughly 15% of its value as calculated if only s-type GTOs, as in the case of the GAUSSIAN 6-311G basis, were available at D.
Since correlation tends to reduce the electron charge density in the regions of highest density most, this increase of calculated electron density associated with polarization is partly compensated again in the MP2-calculations. For instance all MP2-results for Xaa are systematically 10 to 13 kHz more positive than the corresponding SCF-results. Finally we note that addition of further GTOs at D, with exponents larger (smaller) by a factor of three than the limiting values reported in the Appendix, changed the calculated coupling constants by less than .5 kHz.
At least part of the remaining difference between the experimental and the calculated values is caused by the neglection of vibrational corrections. In view of the fair success of the Huber-Gerber equation (see above) we have calculated approximate values for these corrections as follows. We assumed the validity of (8) and cylindrical symmetry of the x-tensor around the bond axis. Within this approximation the X-tensor elements are given by ,0D) )-HI), (11) (1X6*1) = (I^XHuber(r)[3C0S 2 (Z (6 ,0D)) " U|>,
Here (| |) denotes vibrational ground state expectation values, r = r ( 0D) designates the OD-bond length, and < ( Oi 0D) etc -denote the angles between the principal inertia axes and the OD-bond axis. We simplified the vibrational treatment by the assumption of a rigid heavy atom frame and by the additional assumption that the isolated vibration of the deuterium may be treated as separable into a stretching, bending, and torsion with the corresponding wave functions derivable from the following approximate Schrödinger-Equations:
• Stretching: 
• Bending 
= E t ip t (r).
As potential functions we have used Morseapproximations for the stretching, V s (r), and bending potential, Vj,(<5), and a cosine expansion for o the torsional potential, V t (r) = Xln=o a n cos(nr).
These were adapted to a grid of single point MP2/6-311++G** energies.
The three vibrational Schrödinger-Equations were then solved numerically by the Numerov-Cooley [40 -42] method and, finally, the effective coupling constants were calculated according to (11) through (13) as Xgg.eff = x(^IXHuber(r)|^) (17) • [3(^6|C0S 2 (Z (Pi 0D))|^t) -1] (with g = a, 6, c and the proper dependence of the Z( ? ,oD)-angles on 6 and r).
It turned out that the effect of the anharmonicity in the stretching potential and the pronounced nonlinearity of XHuber(^) with its sharp rise towards smaller r-values largely compensate. Thus the vibrational corrections A Xgg = Xgg,tff ~ Xgg,tq (18) are essentially determined by the effect of orientational averaging. This will also hold for more sophisticated general treatments of the vibrational corrections.
Our final results, including the approximate vibrational corrections obtained within this rigid-frame / local-mode approach are presented in the two rows at the bottom of Table 11 . Appearently reasonable vibrational corrections to ab initio deuterium quadrupole coupling constants can be calculated with moderate effort by using Huber's equation for the bond-length dependence of Xbond-
Conclusions
With CF3COOH as an example we have demonstrated that MBFTMW spectroscopy is now capable to supply sufficient and highly accurate data also on the isotopomers in a sample of natural composition to determine the structure of molecules. The combination with quantum chemical calculations provides a great help in the assignment of the spectra of rare isotopomers, measured in natural abundance. Furthermore it complements the determination of the structure, especially in cases where certain isotopomers do not exist, as here in the case of fluorine.
In this way, a fundamental task of rotational spectroscopy can now be solved without difficult and sometimes expansive chemical preparations. Finally, the fact that lateral overlap of s-type orbitals centered at a quadrupole nucleus with valence orbitals centered at the adjacent nucleus (here O), leads to considerable s-orbital connected contributions to the field gradient at the quadrupole nucleus indicates that earlier discussions of experimental quadrupole coupling constants within the TownesDailey model, i.e. in terms of p-orbital populations only, may need revisions. 
